In-vivo evaluation of neuronal and glial changes in amyotrophic lateral sclerosis with diffusion tensor spectroscopy. Ynicl (2018), Abstract Diffusion tensor spectroscopy (DTS) combines features of magnetic resonance spectroscopy and diffusion tensor imaging and permits evaluating cell-type specific properties of microstructure by probing the diffusion of intracellular metabolites. This exploratory study investigates for the first time microstructural changes in the neuronal and glial compartments of the brain of patients with amyotrophic lateral sclerosis (ALS) using DTS. To this end, the diffusion properties of the neuronal metabolite tNAA (N-acetylaspartate + N-acetylaspartylglutamate) and the predominantly glial metabolites tCr (creatine + phosphocreatine) and tCho (cholinecontaining compounds) were evaluated in the primary motor cortex of 24 ALS patients and 27 healthy controls. Significantly increased values in the diffusivities of all three metabolites were found in ALS patients relative to controls. Further analysis revealed more pronounced microstructural alterations in ALS patients with limb onset than with bulbar onset relative to controls. This observation may be related to the fact that the spectroscopic voxel was positioned in the part of the motor cortex where the motor functions of the limbs are represented. The higher diffusivities of tNAA may reflect neuronal damage and/or may be a consequence of mitochondrial dysfunction in ALS. Increased diffusivities of tCr and tCho are in line with reactive microglia and astrocytes surrounding degenerating motor neurons in the primary motor cortex of ALS patients. This pilot study demonstrates for the first time that cell-type specific microstructural alterations in the brain of ALS patients may be explored in vivo and non-invasively with DTS. In conjunction with other microstructural magnetic ACCEPTED MANUSCRIPT A C C E P T E D M A N U S C R I P T 3 resonance imaging techniques, DTS may provide further insights into the pathogenic mechanisms that underlie neurodegeneration in ALS.
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Introduction
Amyotrophic lateral sclerosis (ALS) is a neurologic disorder characterized by progressive degeneration of upper and lower motor neurons (Rowland and Shneider, 2001) . ALS is uniformly fatal but shows a markedly heterogeneous clinical presentation and course with a median survival time of 2 -4 years from the onset of symptoms (Beghi et al., 2006) .
Among various magnetic resonance (MR) techniques, spectroscopy has shown potential for assessing pathological abnormalities in ALS. The most commonly measured brain metabolites using proton MR spectroscopy are tNAA (Nacetylaspartate + N-acetylaspartylglutamate), which is almost exclusively localized within neurons/axons (Simmons et al., 1991) and is thus considered a neuronal marker, tCr (creatine + phosphocreatine), which is linked to cell energy metabolism, and tCho (soluble choline-containing compounds), which are related to cellular membrane turnover reflecting cellular proliferation. The latter two are predominantly found in glial cells (Brand et al., 1993; Le Belle et al., 2002; Urenjak et al., 1993) . In ALS, spectroscopic studies, in particular of the primary motor cortex (PMC), have found significantly reduced concentrations of tNAA (Bowen et al., 2000; Bradley et al., 1999; Gredal et al., 1997; Pohl et al., 2001; Schuff et al., 2001 ) and significantly deceased tNAA/tCr (Block et al., 1998; Chan et al., 1999; Pioro et al., 1994; Pohl et al., 2001; Wang et al., 2006) , tNAA/tCho (Block et al., 1998; Pohl et al., 2001; Wang et al., 2006) , and tNAA/(tCho+tCr) ratios (Rooney et al., 1998; Suhy et al., 2002) .
These findings have been interpreted as evidence of neuronal loss in ALS.
Furthermore, significantly reduced concentrations of tCr (Pohl et al., 2001) , increased
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A C C E P T E D M A N U S C R I P T 5 concentrations of tCho (Bowen et al., 2000) , and elevated tCho/tCr ratios have been observed (Block et al., 1998; Pohl et al., 2001) .
MR spectroscopy delivers cell-type specific information but it cannot provide structural information. In contrast, diffusion tensor imaging (DTI) (Basser et al., 1994a, b) is sensitive to alterations in tissue microstructure but lacks pathologic specificity since water molecules reside in all tissue compartments. Diffusion tensor spectroscopy (DTS) (Basser et al., 1994b; Ellegood et al., 2006; Merboldt et al., 1993; Nicolay et al., 1995; Posse et al., 1993; Van Zijl et al., 1991) combines the compartment specificity of MR spectroscopy with the microstructural sensitivity of DTI and permits evaluating properties of cell-specific tissue microstructure by probing the diffusion of intracellular brain metabolites. In this manner, DTS allows inferring more specific information on the underlying tissue microstructure than DTI and thus features improved pathologic specificity. The methodology has been applied to several pathologies such as acute cerebral ischemia (Harada et al., 2002; Zheng et al., 2012) , tumors (Colvin et al., 2008; Harada et al., 2002) , mitochondrial cytopathies (Liu et al., 2011) , multiple sclerosis (Bodini et al., 2018; Wood et al., 2012) , systemic lupus erythematosus (Ercan et al., 2016) , and migraine (Zielman et al., 2017) .
This exploratory study investigates for the first time microstructural alterations in neurons and glial cells in the brain of ALS patients with DTS. To this end, the diffusion properties of the neuronal metabolite tNAA and the predominantly glial 
Materials and methods

Patients and control subjects
This prospective single-center study was approved by the local Ethics Committee (St.
Gallen, Switzerland) and informed written consent was obtained from all subjects in accordance with the declaration of Helsinki before participation in the study. All subjects were recruited as part of the European project for sampling and biomarker optimization and harmonization in ALS and other motor neuron diseases (SOPHIA) at the Neuromuscular Disease Unit/ALS Clinic of the Cantonal Hospital St. Gallen (St. Gallen, Switzerland).
The patient sample consisted of 24 ALS patients (mean age = 62.6 years, standard deviation = 9.5 years, range = 48 -84 years). According to the revised El Escorial criteria (Brooks et al., 2000) , two had definite, ten had probable, seven probable laboratory-supported, and five possible ALS. Ten of these patients had bulbar-onset while 14 patients had limb-onset ALS. For the control group, 27 age-matched healthy subjects (mean age = 63.5 years, standard deviation = 8.4 years, range = 50 -82 years) without prior history of neurological disorders were included.
Data acquisition
MR data acquisition was performed on a 3T whole-body scanner (Achieva, Philips
Healthcare, Best, the Netherlands, release 5.1.7), equipped with 80 mT/m gradients and an 8-element receive-only head coil array. For precise planning of the spectroscopic voxel, T 1 -weighted images were recorded using a three-dimensional magnetization prepared rapid gradient-echo (MP-RAGE) sequence with the following (Tkac et al., 1999) . In addition, an unsuppressed water spectrum with NSA = 8 was acquired for eddy current correction (Klose, 1990) . Implementation of the sequence was verified by in-vitro measurements in alcohol phantoms and the GE-MR spectroscopy "Braino" phantom and subsequent comparison of the results with literature values (Ellegood et al., 2011; Kan et al., 2012) . For placement of the PRESS voxel, the central sulcus was first located in the most superior section of the transversal T 1 -weighted images and then traced down. The voxel was thereafter centered on the precentral gyrus using the transversal images, with subsequent adjustment in the sagittal and coronal planes ( Figure 1 ). The voxel was positioned contralateral to the site of onset of clinical signs. When signs were symmetric (one limb-onset patient) or clinically absent in the limbs (nine bulbar-onset patients) and in the healthy controls, the voxel was placed in the motor cortex of the dominant hemisphere, as inferred by handedness. The shim volume was adjusted such that all metabolites of interest lay within its boundaries. In the ALS patients and a subgroup of ten healthy controls
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A C C E P T E D M A N U S C R I P T 9 (mean age = 62.3 years, standard deviation = 5.6 years, range = 55 -72 years, 5 female, 5 male), MR data acquisition was repeated three and six months after the baseline measurement. To replace the voxel as precisely as possible in subsequent measurements, the voxel position was saved at baseline in all three planes.
Clinical parameters
At each measurement time point, disease severity was assessed using the revised ALS functional rating scale (ALSFRS-R, maximum score = 48) with lower scores representing more disability (Cedarbaum et al., 1999) . Finger dexterity was evaluated using the nine hole peg test (NHPT) (Kellor et al., 1971; Mathiowetz et al., 1985) . For comparison, the NHPT was also performed in the control group.
Data processing
Data processing was performed using in-house software written in Matlab (The MathWorks, release 2017a, Natick, MA, USA). Optimization of the first and second order shims resulted in an in-vivo water line width of  4 -8 Hz. Processing of the spectroscopic data included: eddy current correction, filtering with a 1 Hz exponential window, zero and first order (on the NAA peak) phase correction, frequency alignment, and averaging of the spectra. The resulting spectra were analyzed using TARQUIN (version 4.3.10) and "1H brain + Glth" as internal basis set (Wilson et al., 2011) . The average signal-to-noise ratio (SNR) of NAA was 65.7 ± 11.3 (range = 41.2 -94.1) in the non-diffusion-weighted and 38.9 ± 8.1 (range = 20.2 -60.7) in the diffusion-weighted spectra. For diffusion analysis, the metabolite signals of tNAA, tCr, and tCho were used. The Cramér-Rao lower bounds of these metabolite were < 8%
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A C C E P T E D M A N U S C R I P T 10 (mean = 1.4%, standard deviation = 0.88%, range = 0.3 -7.3%). The diffusion tensor was calculated and the eigenvalues were determined by diagonalization of the tensor to yield the mean diffusivity (MD), the axial diffusivity (AD), the radial diffusivity (RD), and the fractional anisotropy (FA) value. For comparison with previous work, tNAA/tCr, tNAA/tCho, and tCho/tCr ratios were determined from the non-diffusionweighted spectra.
Statistical analysis
Statistical analysis of the data was performed in MATLAB (The MathWorks, release 2017a, Natick, MA, USA). Differences in age, in the diffusion parameters, and in the metabolite ratios between ALS patients and controls were assessed using twosample t-tests. A Mann-Whitney U test was applied to determine whether there were differences in the NHPT durations between ALS patients and controls. The 3. Results Figure 2 shows the non-diffusion-weighted and the diffusion-weighted spectra in two ALS patients with limb onset (Figure 2A ) and bulbar onset ( Figure 2B ). The corresponding TARQUIN fits (red) are superimposed onto the raw data points (black). The location of the corresponding PRESS voxel in the PMC is depicted in the transversal plane of the T 1 -weighted data. Figure 3 shows representative nondiffusion-weighted and diffusion weighted spectra in one control subject.
Comparisons of patients versus controls at baseline
There was no significant difference in age between ALS patients and healthy controls (p = 0.722). The Mann-Whitney U test revealed that the median NHPT duration was significantly higher in ALS patients than in controls (p < 0.001). A summary of the clinical parameters of both groups is given in Table 1 . Table 2 summarizes the mean values and group comparisons of the diffusion parameters/metabolite ratios in patients versus controls. Statistical analysis showed that the MD values of all three metabolites were significantly higher in ALS patients than in controls. In addition, significant elevations were found in the AD and RD values of several metabolites. In contrast, no significant differences were found in the FA values.
Longitudinal Analysis
Of the initial patients, eight patients were lost to follow up: one patient deceased after the baseline measurement, two patients could not further participate in the study after (Pohl et al., 2001) , significant alterations in the tNAA/tCho (p = 0.042) and the tCho/tCr (p = 0.048) were found. Table 3 summarizes the CVs and ISVs of the diffusion parameters/metabolite ratios assessed in ten healthy volunteers over a period of six months. The MD, AD, and RD values of the metabolites showed good to moderate precision while the FA values generally featured low precision.
Correlations with clinical parameters
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ALSFRS-R scores in the ALS patients across times were present. A weak correlation of the tNAA/tCr ratios with the durations of the NHPT was found ( = -0.31, p = 0.016) and a trend towards statistical significance was observed for the FA values of tCho (p = 0.066) and the RD values of tCr (p = 0.070).
Exploratory comparisons between limb-onset and bulbar-onset ALS patients and controls
There was no significant difference in age between the groups (p = 0.894). The
Kruskal-Wallis test revealed that the mean ranks of NHPT durations were significantly different between groups (p = 0.001). Post-hoc analysis showed that there was a significant difference between the NHPT durations of limb-onset ALS patients and controls (p < 0.001). No significant differences between the NHPT durations of bulbar-onset ALS patients and controls (p = 0.219) and between both patients groups were observed (p = 0.068). There were no significant differences in the ALSFRS-R scores of limb-onset and bulbar-onset ALS patients (p = 0.814). A summary of the clinical parameters is given in Table 1 . Table 4 summarizes the mean values and group comparisons of the diffusion parameters/metabolite ratios at baseline. Microstructural alterations were more pronounced in the PMC of limb-onset ALS patients. In these patients, several diffusion parameters were significantly elevated relative to controls. It should be noted though that the MD of tNAA was significantly increased in bulbar-onset patients while there was only a trend towards statistical significance in limb-onset patients compared to controls. Beyond that, the tNAA/tCho ratios were significantly
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15 decreased in both patients groups while the tNAA/tCr ratios were significantly reduced in limb-onset ALS patients only relative to controls. Finally, no significant differences in the diffusion parameters/metabolite ratios were found between both patient groups.
Discussion
This is the first study to assess cell-specific microstructural alterations in the brain of ALS patients with DTS. Relative to DTI, DTS features improved pathologic specificity since microstructural alterations are evaluated by probing the diffusion of compartment-specific metabolites rather than water molecules, which reside in all tissue compartments. Increased values in the diffusivities of tNAA, tCr, and tCho were found in the PMC in ALS patients relative to controls. These findings suggest that microstructural alterations in the neuronal and glial compartments of the brain of ALS patients may be evaluated in vivo and non-invasively with DTS. Further analysis revealed that changes in tissue structure were more pronounced in ALS patients with limb onset than with bulbar onset relative to controls. This observation may be related to the fact that the PRESS voxel was positioned in the part of the PMC where the motor functions of the limbs are represented.
The metabolite ratios in the present work are in line with recent literature values (Verma et al., 2013) . Furthermore, in agreement with previous spectroscopic studies, significantly reduced tNAA/tCr (Block et al., 1998; Chan et al., 1999; Pioro et al., 1994; Pohl et al., 2001; Wang et al., 2006) and tNAA/tCho (Block et al., 1998; Pohl et al., 2001; Wang et al., 2006) ratios have been observed in ALS patients compared to healthy controls. These findings have previously been interpreted as evidence of neuronal loss in ALS. However, reductions in tNAA may in part be a consequence of mitochondrial dysfunction in ALS (Bates et al., 1996) . Moreover, in line with previous publications, significantly elevated tCho/tCr ratios (Block et al., 1998; Pohl et al., 2001) have been observed in ALS patients relative to healthy controls. In agreement with the present work, increased diffusivities of tCr and tCho have been observed in patients with NPLSE compared to healthy controls. These elevations were interpreted as reflecting both astrocytic and microglial reactivity in response to inflammation and/or ischaemia. According to the authors, reactivity-related cellular hypertrophy and thickening of the processes near the soma would thereby result in an increase of the intracellular space, and a simultaneous decrease in molecular crowding and intracellular tortuosity leading to increased diffusivity in the cytosol. A similar mechanism may occur in ALS patients since inflammatory processes and immune reactivity are assumed to play a role in the pathogenesis of ALS (Philips and Robberecht, 2011) and both reactive microglia (Kawamata et al., 1992; Turner et al., 2004) and astrocytes (Kamo et al., 1987; Murayama et al., 1991; Nagy et al., 1994) have been found in the PMC surrounding degenerating neurons. Beyond that, the
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18 results of a recent study indicate a mechanistic link between tissue integrity and glial activation in patients with sporadic ALS (Alshikho et al., 2016) . Decreased FA values of water were thereby co-localized with increased uptake of a glial marker. In contrast to the aforementioned study, the results of the present work establish a more direct link since structural changes in glial cells were explored by probing the diffusion of two predominantly glial metabolites instead of water, which is present in all tissue types.
In line with a previous study (Pohl et al., 2001) , longitudinal analysis revealed significant changes in the tNAA/tCho and tCho/tCr ratios over time. However, no alterations in the diffusion parameters were observed. The relatively short follow-up period in the present study is likely insufficient to capture the evolution of the diffusion parameters over the course of the disease and in addition faster progressing patients were lost to follow up. Since a wide range of survival times is observed in ALS ranging from a few months to several decades (Beghi et al., 2006) , it is difficult to determine the optimum follow-up period and larger patient cohorts are required to reliably evaluate longitudinal changes in the diffusion parameters.
The diffusion parameters in the present work are similar to those observed in another DTS study (Ellegood et al., 2011) . With the exception of the FA values, the diffusion parameters showed good to moderate precision. The limited precision of the FA values may be the reason why no significant differences were observed in the group analysis. Precision of the parameter estimates may be increased by transition to higher field strengths not only due to the associated increase in SNR but also because of improved spectral separation, which allows for a more reliable estimation
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19 of the metabolite signals. Alternatively, higher field strengths would permit reducing partial volume effects by decreasing the size of the PRESS voxel.
No significant correlations of the parameters with disease severity, as assessed by the ALSFRS-R score, were detected. The lack of correlation may be due to the relatively low number of patients and the limited range of ALSFRS-R scores in the patient sample. Beyond that, functional scales are far more sensitive to lower motor neuron involvement and the associated muscle wasting rather than to upper motor neuron injury. Nevertheless, some studies have found significant correlations for instance of the ALSFRS-R scores with the tNAA/Cr ratios (Wang et al., 2006) . There was a significant albeit weak correlation of the NHPT durations with the tNAA/tCr ratios. Likely due to the limited number of study participants, no significant correlations of the NHPT with the diffusion parameters was found.
Differences were observed for both limb-onset and bulbar-onset patients relative to controls but microstructural alterations were more pronounced in the PMC of limbonset patients. This finding may be related to the fact that the PRESS voxel was positioned in the part of the PMC where the motor functions of the limbs are represented.
The main limitation of the present work is the relatively small patient population and the short follow-up period in this exploratory study. Furthermore, due to the relatively long scan duration microstructural alterations were only investigated in the PMC of ALS patients. Future studies which include larger patient cohorts and explore additional brain structures, are necessary to confirm the preliminary results of the present work and in particular to permit comprehensive evaluation of differences between onset types. The results of the present work indicate that acquisition of
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A C C E P T E D M A N U S C R I P T 20 three diffusion directions and subsequent computation of the apparent diffusion coefficient may suffice for evaluation of cell-specific microstructural alterations. In this manner, scan time may be decreased and additional brain structures could be explored. Alternatively, if data were acquired at higher field strength fewer NSA would be necessary due to the intrinsically higher SNR. Furthermore, recent technical developments permit assessing the diffusion properties of brain metabolites beyond tNAA, tCr, and tCho (Landheer et al., 2017) , which may aid the evaluation of pathogenesis in ALS. In particular, myoinositol is of interest as a counterpart to tNAA since it represents the complementary major intracellular compartment in the central nervous system (Palombo et al., 2017) .
In conclusion, the results of the present study show for the first time that DTS permits measuring cell-type specific microstructural alterations in ALS patients in vivo and non-invasively by probing the diffusion of intracellular brain metabolites, which are reflective of the neuronal and glial compartments. Incorporated into a comprehensive scan protocol with other existing microstructural MR imaging methods such as DTI or susceptibility-weighted imaging, the technique may help unravel the pathogenic mechanisms that underlie neurodegeneration in ALS. Table 1 Summary of the clinical parameters in the entire patient population and in the subgroups with limb-onset and bulbaronset ALS as well as in the controls at baseline. Mean values and standard deviations are given unless indicated otherwise.
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Parameter
ALS Patients
Limb-Onset ALS Bulbar-Onset ALS Controls Location of the PRESS voxel (yellow) and the corresponding shim (red) in the PMC superimposed onto the sagittal, coronal, and transversal T 1 -weighted images.
Figure legends
Figure 2:
Non-diffusion-weighted and diffusion-weighted spectra of (A) an ALS patient with limb onset (66 years, female) and (B) an ALS patient with bulbar onset (74 years, female). The TARQUIN fit (red) is superimposed onto the raw data points (black).
The fit residuals are plotted above the spectra. The location of the PRESS voxel (yellow) and the corresponding shim (red) are depicted in the transversal plane of the T 1 -weighted data.
Figure 3:
Non-diffusion-weighted and diffusion-weighted spectra of a healthy control subject (56 years, male). The TARQUIN fit (red) is superimposed onto the raw data points (black). The fit residuals are plotted above the spectra. The location of the PRESS voxel (yellow) and the corresponding shim (red) are depicted in the transversal plane of the T 1 -weighted data. Figure 1: 
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